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ABSTRACT, The capability of Phormidium animalis, a cyanobacterium commonly found in larval habitats
of Anopheles albimanus in southern Mexico, to support larval development of this mosquito was investigated.
First-stage larvae were reared under insectary conditions wilh P. animali^r ad libitum and their development was
compared with larvae fed with wheat germ. The time of pupation and adult mosquito size, assessed by wing
length, were similar in both groups, but fewer adult mosquitoes were obtained from larvae fed with the cya-
nobacteria. Nevertheless, these observations indicate that P. animalls is ingested and assimilated by larval An.
albimanus, making this cyanobacterium a good candidate for genetic engineering for the introduction of mos-
quitocidal toxins for malaria control in the region.
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INTRODUCTION
Studies on mosquito larval feeding behavior in-
dicate that selection of food particles is largely de-
termined by particle size. Only those particles that
fit the mouths of larvae are ingested (Wallace and
Merritt 1980, Ali 1990, Thiery et al. 1991) at the
same proportion as the particles are present in the
breeding site water (Khawaled et al. 1989, Ydz-
quez-Martinez 199'7). However, among ingested
food particles, some could be more nutritious or
more easily digested than others (Thiery et al.
1991, Sangthongpitag et al. 1996). This fact is par-
ticularly important in the search for alternative ap-
proaches in malaria vector control, where the pos-
sibility of using genetically engineered natural
foods to control mosquito larvae currently is being
explored (Liu et al. 1996, Porter 1996).
Aquatic cyanobacteria, widely distributed organ-
isms in mosquito larval habitats, are good candi-
dates for genetic modification because they can
withstand severe fluctuations of water chemistry
(Sangthongpitag et al. 1996, Y{zquez-Mart(nez
1997), they are ingested and digested by mosquito
larvae (Merritt et al. 1992), and they have relatively
simple genomes. Previous attempts to genetically
engineer cyanobacteria with mosquitocidal toxins
(Tandeau de Marsac et al. 1987, Angsuthanasombat
and Panyim 1989, Wu and Federici 1993, Geor-
ghiou and Wirth 1997, Xiaoqiang et al. 1997) used
laboratory colonies of cyanobacteria that may not
be natural food of mosquito larvae, and thus, may
not be able to colonize natural larval habitats.
Anopheles albimanus Wiedemann is the main
vector of malaria along the coastal plain of Chiapas
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in southern M6xico (Rodriguez and Loyola 1989).
Field studies conducted on a portion of this coastal
plain indicated that 19 species of cyanobacteria in-
habited larval habitats of An. albimanus (Y6zqtez-
Martinez 1997), but only 6 species could be isolat-
ed from larval midguts of local An. albimanus. The
majority of these species were from the most com-
monly encountered cyanobacteria in water samples.
Because Phormidium animalis (Agardh. ex Go-
mont) Anagnostidis and Komarek (Cyanobacteria:
Oscillatoriaceae) was abundant in larval habitats
but could not be isolated from larval midguts, it
was assumed to be readily digested after its inges-
tion (V6zquez-Martinez et al. 2OO2). The objectives
of the present study were to isolate and grow P.
animalis in culture, to confirm that P. animalis is
readily ingested and digested by larval An. albi-
manus, and to assess the importance of P. animalis
as a nutrient for mosquito larvae by verifying the
ability of this species to support the full develop-
ment of larvae to adulthood.
MATERIALS AND METHODS
Cyanobacterial isolation from water samples of
larval habitatr.' Cyanobacteria were maintained in
petri dishes (100 X 15 mm) in a laboratory at 26
-r 2"C and 1O-8OVo relative humidity. Artificial
light was provided from OSOO to l53O h and the
remaining light available was daylight passing
through the windows. Cyanobacteria were cultured
in fresh BG-I1 medium once every 3 months.
Phormidium animalis was isolated from larval
habitat water samples as described by Ydzqtez-
Martinez et al. (2002). Briefly, samples stored in
the dark for 24 h at room temperature were inoc-
ulated into liquid BG-l1 medium (10 g agaa 10 g
NaCl, 1.5 g NaNOr, MgSO..TH,O) and incubated
under fluorescent light (Thiery et al. 1991). After 7
days, samples were inoculated into BG-l1 medium
solidified with lVo Bacto-Agar@ (Bioxon, Mdxico
City, Distrito Federal, M6xico) (Rippka et al. 1979),
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and further exposed to a fluorescent light. Cyano-
bacterial growth was examined daily and positive
cultures were purified by serial dilutions in both
solid and liquid BG-ll media. Cyanobacteria were
identifled with standard keys (Desikachary 1959,
Prescott 1970, Anagnostidis and Komarek 1985,
Knutson and Sterk 1996).
Purified cyanobacterial cultures: Samples of fil-
aments of P. animalis were cultured in BG-l1 liq-
uid medium for 8 h to enrich the cyanobacterial
population and then inoculated on plates of BG-l I
medium solidified with l%o Bacto-Agar. Cultures
were incubated at26 + 2oC in a 12:12 h l isht:dark
photoperiod, with two 39-W white fluoresc-ent light
lamps situated 73 cm from the plates. The cultures
were washed and centrifuged 6 times at 2,000 X g
for 60 sec. Filaments were resuspended in lO0 ml
of BG-11 liquid medium containing penicillin G at
30 pglml and streptomycin at 50 pglmt. The purity
of the algae was assessed by microscopic obser-
vation in a phase-contrast microscope (Leitz Dialux
22@, Leica Microsystems, Wetzlar, Germany).
Digestion of cyanobacteria.. Tests were conduct-
ed to assess if ingested P. animalis were digested
by larval An. albimanus (white-stripe strain; Chan
et al. 1994). Filaments of P. animalis were offered
in filtered water for 30 min to 4th-stage mosquito
larvae that had been starved overnight. The gut
contents of 3 larvae were examined under a light
microscope and the gut contents ofanother 3 larvae
were cultured in BG-l1 medium. A control larval
group was offered the green algae Chlorella cf. so-
rokiniana Shihira and Krauss (Chlorellales: Chlo-
rellaceae) and the gut contents of 3 specimens were
cultured in BG-ll medium. To confirm the diges-
tion of P. animalis by mosquito larvae, anti-prote-
ases were added to the rearing water in other ex-
periments. Fourth-stage starved larvae were offered
filaments of P. animalis in filtered water containing
effective concentrations of 100 pglml phenylme-
thyl sulfonyl fluoride, 50 pglml tosyllysine chlo-
romethyl ketone, and 100 pg/ml tosylphenylalanine
chloromethyl ketone (Sigma, St. Louis, Mo.)
(North 1989). A control group was offered the cy-
anobacteria without anti-proteases. Groups of 3 lar-
vae were dissected at 30, 90, and 180 min after
exposure, and their gut contents were observed un-
der at 40X, and cultured in BG-l1 medium.
Mosquito larval development: Grotps of 30 re-
cently hatched 1st-stage larval An. albimanus were
transferred to plastic trays with 100 ml of filtered
water supplemented with purified filaments of P.
animalis (approximately 0.8 + 0.2 g) or with dry
wheat germ as a control diet. Standardized insec-
tary rearing procedures were followed, a pinch
(0.0148 + 0.004 g) to cover the plate surface for
lst- or 2nd-stage larvae, or 2-4 pinches for 3rd- or
4th-stage larvae on a daily basis. Experiments were
replicated 5 times under insectary conditions (30 -f
2"C and a 12:12 h light:dark photoperiod). Larvae
were grown to pupae, and trays were transferred
into emergence chambers (30 X 30 X 30-cm alu-
minum-screened cages). The number of emerging
adult mosquitoes was recorded for each diet to ob-
tain the emergence success. The mean proportion
of adult mosquitoes emerged from larvae reared un-
der both diets were conlpared with unpaired 2-
tailed r-tests of arcsin V2-transformed data (Zar
1999).
Body size of adult mosquitoes: The size of adult
An. albimanus was estimated by the length of their
wings. The mean wing length of mosquitoes was
measured from the axillary incision to the outer
margin of the Rl vein (Xue and Ali 1994). Mea-
surements of mosquitoes reared with P. animalis or
the control diet were compared by sex with un-
paired 2-tailed t-tests (Zar 1999).
RESULTS
Digestion of cyanobacteria
Most filaments of P. animalis lost their emerald-
green coloration and became a brownish and pale
yellow color in larval guts obtained 3O min after
feeding. No cyanobacterial growth was observed
when the gut contents were cultured on BG-I1 me-
dium. At the same time, whole undamaged C. cf.
sorokiniana were observed in larval gut contents,
and cyanobacterial growth was observed in cul-
tures.
Emerald-green filaments of P. animalis were ob-
served in samples of larval gut contents taken 3O
and 90 min after the cyanobacteria were offered in
water containing anti-proteases. Phormidium ani-
malis was successfully cultivated from these gut
contents. However, in samples at 180 min, partially
digested filaments were observed, and no cyano-
bacteria could be cultured. In the control group, cy-
anobacterial filaments were frasmented at all sam-
pling times.
Mosquito larval development
Larval development of An. albimarzzs was slight-
ly slower when fed with cyanobacteia (75Vo pu-
pation at 12 days after hatching) than with a wheat
germ diet (857o pupation) (Fig. I ). The average per-
centage of emerging adults was significantly lower
(n : lO9, 73 + 57o) in cyanobacteria-fed larvae
than in the control larvae (n : 139,93 + 47a) (t[2]
= 22.796: df = 1, 9: p : 0.0014). However, the
proportion of females in both groups was similar
(53Vo and 56Vo for cyanobacteria-fed and control
Iarvae, respectively).
No significant differences on mean wing length
of emerging adult An. albimanus of either sex were
observed (Table 1).
DISCUSSION
In previous studies, we observed that P. animalis
isolated from larval habitats of An. albimanus coold
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Fig. 1. Time of pupation of Anopheles albimanus f'ed with Phormidium animalis (cyanobacteria) and wheat germ
(control) as larvae.
not be isolated from the gut contents of larvae ob-
tained from the same sites, and hypothesized that
cyanobacterial filaments were rapidly digested by
mosquito larvae (Viizqvez-Martinez et al. 2OO2).
We present evidence here that ingested filaments of
P. animalis are rapidly digested (change in filament
color and lost of viability that could be delayed by
adding anti-proteases) and can support the devel-
opment of this mosquito, from lst-stage larvae to
adults.
Some observations in the present study deserve
comment. The development of mosquito larvae to
pupal stage was slower, the proportion of emerging
adults was lower, and the mean male adult wing
length was smaller in mosquitoes reared as larvae
with cyanobacteria than in those fed with wheat
germ. However, because of the nature of the ex-
periments, it is not possible to make valid compar-
isons between the diets. The amount of cyanobac-
teria offered to the larvae was always in excess to
what they consumed daily, thus the cyanobacteria
were taken ad libitum. On the other hand, the ad-
ministration of wheat genn was standardized to the
average larval intake, in order to avoid an excessive
growth of contaminating bacteria in the water. As-
suming that larvae offered wheat germ were either
fed to satisfaction or underfed, the differences in
mosquito development could be explained by a bet-
ter balanced nutrient composition of the wheat
germ meal, compared to a limited nutritive value
of the cyanobacteria, because prokaryotes lack es-
sential phytosterol (Merritt et al. 1992).In any case,
the lack of certain nutrients in P. animalis is of
lesser importance in the wild, because larvae also
feed on other avai lable microorganisms.
Examination of our results suggests that if P. an-
imalis were modified to express mosquitocidal tox-
ins, upon its release, the cyanobacterial filaments
would rapidly be in contact with mosquito larvae
gut cells. For mosquito control strategies based on
genetically modified organisms, it is desirable that
the modified agent to be native to the area to be
controlled, and that it demonstrate a capability for
colonizing most of the habitats of the target species.
These observations, and the ubiquity of P. animalis
in larval habitats of An. albimanus (Ydzquez-Mar-
tinez 2OO2), make this cyanobacterium an excellent
candidate for the introduction of mosquitocidal tox-
ins for malaria control in southern Mexico and Cen-
tral America.
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